Hepatitis C virus (HCV) and classical swine fever virus (CSFV) messenger RNAs contain related (HCV-like) internal ribosome entry sites (IRESs) that promote 59-end independent initiation of translation, requiring only a subset of the eukaryotic initiation factors (eIFs) needed for canonical initiation on cellular mRNAs 1 . Initiation on HCV-like IRESs relies on their specific interaction with the 40S subunit [2] [3] [4] [5] [6] [7] [8] , which places the initiation codon into the P site, where it directly base-pairs with eIF2-bound initiator methionyl transfer RNA to form a 48S initiation complex. However, all HCV-like IRESs also specifically interact with eIF3 (refs 2, 5-7, 9-12), but the role of this interaction in IRES-mediated initiation has remained unknown. During canonical initiation, eIF3 binds to the 40S subunit as a component of the 43S pre-initiation complex, and comparison of the ribosomal positions of eIF3 13 and the HCV IRES 8 revealed that they overlap, so that their rearrangement would be required for formation of ribosomal complexes containing both components 13 . Here we present a cryo-electron microscopy reconstruction of a 40S ribosomal complex containing eIF3 and the CSFV IRES. Remarkably, although the position and interactions of the CSFV IRES with the 40S subunit in this complex are similar to those of the HCV IRES in the 40S-IRES binary complex 8 , eIF3 is completely displaced from its ribosomal position in the 43S complex, and instead interacts through its ribosome-binding surface exclusively with the apical region of domain III of the IRES. Our results suggest a role for the specific interaction of HCV-like IRESs with eIF3 in preventing ribosomal association of eIF3, which could serve two purposes: relieving the competition between the IRES and eIF3 for a common binding site on the 40S subunit, and reducing formation of 43S complexes, thereby favouring translation of viral mRNAs.
Hepatitis C virus (HCV) and classical swine fever virus (CSFV) messenger RNAs contain related (HCV-like) internal ribosome entry sites (IRESs) that promote 59-end independent initiation of translation, requiring only a subset of the eukaryotic initiation factors (eIFs) needed for canonical initiation on cellular mRNAs 1 . Initiation on HCV-like IRESs relies on their specific interaction with the 40S subunit [2] [3] [4] [5] [6] [7] [8] , which places the initiation codon into the P site, where it directly base-pairs with eIF2-bound initiator methionyl transfer RNA to form a 48S initiation complex. However, all HCV-like IRESs also specifically interact with eIF3 (refs 2, 5-7, 9-12), but the role of this interaction in IRES-mediated initiation has remained unknown. During canonical initiation, eIF3 binds to the 40S subunit as a component of the 43S pre-initiation complex, and comparison of the ribosomal positions of eIF3 13 and the HCV IRES 8 revealed that they overlap, so that their rearrangement would be required for formation of ribosomal complexes containing both components 13 . Here we present a cryo-electron microscopy reconstruction of a 40S ribosomal complex containing eIF3 and the CSFV IRES. Remarkably, although the position and interactions of the CSFV IRES with the 40S subunit in this complex are similar to those of the HCV IRES in the 40S-IRES binary complex 8 , eIF3 is completely displaced from its ribosomal position in the 43S complex, and instead interacts through its ribosome-binding surface exclusively with the apical region of domain III of the IRES. Our results suggest a role for the specific interaction of HCV-like IRESs with eIF3 in preventing ribosomal association of eIF3, which could serve two purposes: relieving the competition between the IRES and eIF3 for a common binding site on the 40S subunit, and reducing formation of 43S complexes, thereby favouring translation of viral mRNAs.
Canonical translation initiation begins with assembly of a 43S preinitiation complex, comprising a 40S subunit, eIF1, eIF1A, the initiator methionine transfer RNA (Met-tRNA i Met )-eIF2-GTP ternary complex (eIF2-TC) and the approximately 800-kDa five-lobed multi-subunit eIF3 (ref. 1) . The 43S complex attaches to the cap-proximal region of mRNA and then scans to the initiation codon, whereupon it forms a 48S initiation complex with established codon-anticodon base-pairing. Attachment and scanning are mediated by eIF4A, eIF4B and eIF4F, but scanning on structured mRNAs additionally requires DHX29 (refs 14, 15) , a DExH-box protein that also binds directly to the 40S subunit 13, 14 . 48S complex formation on the homologous HCV and CSFV IRESs, which comprise two principal domains, II and III (Extended Data Fig. 1a ), does not involve scanning and requires only a 40S subunit and the eIF2-TC. The process is based on the specific interaction of the IRES with the 40S subunit, which involves the IRES pseudoknot and subdomains IIId and IIIe [3] [4] [5] 16 . Binding to the 40S subunit positions the initiation codon of the IRES in the P site, where it directly base-pairs with the anticodon of Met-tRNA i
Met as a part of the eIF2-TC, leading to formation of the 48S complex. Subsequent joining of the 60S subunit to this complex is mediated by eIF5 and eIF5B. Although domain II of HCV-like IRESs stimulates eIF5-mediated hydrolysis of eIF2-bound GTP and joining of a 60S subunit [17] [18] [19] , it does not influence the affinity of the IRES for the 40S subunit 5 , only moderately affects 48S complex formation, and is not essential for initiation on the CSFV IRES 3, 18, 20, 21 . An unresolved aspect of initiation on HCV-like IRESs is the role of eIF3, which interacts specifically with the apical region of domain III DHX29 complex alone and bound to eIF3 compared to the structure of the DHX29-bound 43S preinitiation complex. a, CSFV DII-IRES-40S-DHX29 complex (class 2, Extended Data Fig. 3) . b, CSFV DII-IRES-40S-DHX29 complex bound to eIF3 (class 4, Extended Data Fig. 3 ). c, 43S preinitiation complex 13 . Complexes are viewed from the top, the back, the solvent and the intersubunit faces from top to bottom, respectively. In panels a-c, the 40S subunit is displayed in yellow, DHX29 in green, the eIF3 structural core in red and the CSFV DII-IRES in cyan. d, Comparison between different positions and orientations of eIF3 in the 43S complex and in the CSFV DII-IRES-40S complexes, as indicated.
(helices IIIb and III 4 ) 5,9,11 (Extended Data Fig. 1a ). Although eIF3 is not essential for 48S complex formation on these IRESs and only slightly stimulates this process in the in vitro reconstituted translation system 2, 6, 7, 18 , mutations in the apical region of domain III that impair binding of eIF3 (refs 2, 9, 19) lead to severe translation initiation defects in cell-free extracts 22 . Importantly, the position of the eIF3 core in 43S complexes 13 and of the HCV IRES in 40S-IRES binary complexes 8 overlap, with a clash between the left arm of eIF3 and the pseudoknot 13 . The simultaneous presence of eIF3 and the IRES in ribosomal complexes would therefore require their rearrangement.
To shed light on the role of eIF3 in initiation on HCV-like IRESs and to investigate how the predicted eIF3/IRES clash is resolved, we determined the cryo-electron microscopy structure of the 40S subunit in complex with eIF3 and the CSFV IRES lacking the non-essential domain II (DII-IRES). The CSFV IRES was chosen because it has higher translational activity than the HCV IRES 2 , probably because it interacts more strongly with eIF3 and/or the 40S subunit, and would thus yield complexes with higher stability for structural analysis. Domain II was omitted to reduce complexity and to reduce conformational heterogeneity. DHX29 was also included in these complexes because it stabilizes the peripheral domains of eIF3 in 43S complexes 13 without affecting the interaction of the IRES with the 40S subunit 14 . The 40S-DII-IRESeIF3-DHX29 complexes were assembled in vitro by incubating individual purified components. Toeprinting analysis of these complexes revealed that they maintained the full complement of interactions of the IRES with the 40S subunit and eIF3 (refs 2, 18) , and were quantitatively converted into 48S complexes upon addition of eIF2-TC (Extended Data Fig. 2 ). Although DHX29 does not interfere with 48S complex formation on the DII-IRES (Extended Data Fig. 2 ), only 10% of 43S complexes in cells are bound to DHX29 (ref. 14) , and whether it is present in IRES-bound ribosomal initiation complexes in the cytoplasm has not been determined. Processing of approximately 630,000 particle images (see Methods) yielded several classes containing different combinations of components (Extended Data Figs 3 and 4) . The present analysis is focused on the 40S-DHX29-DII-IRES complex (class 2, ,72,900 particles) and the first of three 40S-DHX29-DII-IRES-eIF3 classes (4 to 6), which differed slightly in the orientation of eIF3 and eIF3-bound subdomain IIIb of the IRES (class 4, ,26,000 particles). They yielded 8.5 Å and 9.3 Å reconstructions, respectively, which revealed three well-defined densities on the 40S subunit (Fig. 1a, b) .
The shape and location of a density around the tip of h16 and of a smaller mass on the subunit interface near the A site connected to it via a clearly defined linker (green in Fig. 1a, b) matched the density of DHX29 in the 43S complex 13 (Fig. 1c) . Another density at the back of the platform (cyan in Fig. 1a, b) was assigned to the CSFV DII-IRES, because it fitted the shape and location of the related HCV IRES domain III in 40S-IRES and 80S-IRES binary complexes 8, 23 (Extended Data Fig. 1b) . A visible segment of the CSFV coding region emerges from the mRNA entrance and forms a small additional mass near the A site and the small intersubunit domain of DHX29. This mass could be modelled as an approximately 11-base-pairs stem-loop separated from the P site codon by 5 to 7 nucleotides and could include a predicted hairpin formed by CSFV nucleotides 387-406. The third mass attached to the DII-IRES at the back of the 40S subunit (red in Fig. 1b) was attributed to the core of eIF3, on the basis of its shape 12, 13, 24 and interaction with the apical part of IRES domain III 2, 5, 9, 11 . Remarkably, the position of the eIF3 core in the IRES-containing complex differs from that in the 43S complex. Whereas in the 43S complex the left arm and head of eIF3 interact with ribosomal proteins rpS1e/ rpS26e and rpS13e/rpS27e, respectively 13 ( Fig. 1c) , in the IRES-containing complex they bind to the apical part of IRES domain III (Fig. 1b) , consistent with the position of eIF3 on HCV-like IRESs 5, 9, 11 . The orientation of the CSFV DII-IRES on eIF3 is consistent with the position of scattered density attributed to the HCV IRES in a lower-resolution cryo-electron microscopy reconstruction of the eIF3-IIIabc binary complex 11 . Thus, the IRES effectively usurps ribosomal contacts of eIF3, leading to displacement of eIF3 from the 40S subunit and leaving it interacting exclusively with the IRES. Compared to its position in the 43S complex, the eIF3 core is shifted by approximately 55 Å and rotated by approximately 60u (Fig. 1d) . Assignment of the left arm and head of eIF3 to eIF3a and eIF3c subunits, respectively 24 (Extended Data Fig. 5a , b), makes interaction of the IRES with the left arm and head of eIF3 consistent both with reports of ultraviolet cross-linking of the HCV IRES to eIF3a and eIF3c subunits [9] [10] [11] and with the observed impairment of binding of eIF3 to the HCV IRES by mutations in eIF3a and eIF3c 11 . Interestingly, eIF3 and the subdomain IIIb bound to it adopt a number of orientations in the 40S-DHX29-DII-IRES-eIF3 complex (classes 4 to 6). Between the two most divergent orientations, shown by classes 4 and 6, the tip of domain IIIb moves by up to 18 Å , inducing in turn a movement of the eIF3 core that reaches up to 37 Å in the region of the legs (Fig. 2a, b and Supplementary Video 1). Thus, the inherent flexibility of the IIIabc-III 4 four-way junction 25 allows the eIF3-bound domain IIIb to move while the IRES maintains its contacts with the 40S subunit. In the class 4 map, the high variance and the low resolution in the region of eIF3 legs, when compared to the rest of the eIF3 core (Extended Data Fig. 5c ), points to a continuum of orientations of subdomain IIIb and eIF3. The same explanation probably 
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applies to the other two classes, 5 and 6, on the basis of the lower resolution observed in the eIF3 legs. Despite the presence of DHX29, none of the peripheral domains of eIF3 was clearly observed, which is probably a consequence of the displacement of the eIF3 core from its binding site on the 40S subunit. The sub-nanometre resolution of the class 2 map allowed us to attempt pseudo-atomic modelling of the CSFV DII-IRES (nucleotides 129-361), for which no high-resolution structure is available, to our knowledge. The model (Fig. 3a) was built and fitted into its density mass segmented from both class 2 and class 4 reconstructions (bound with eIF3 in position 1), yielding a final cross-correlation coefficient with the classes 2 and 4 IRES densities of 0.92 and 0.93, respectively (see Methods). The model is consistent with the results of phylogenetic comparisons, chemical/enzymatic probing and mutational analyses of CSFV and related IRESs 3, 20, 26 . The apical region consists of a long cylindrical stem, from which the subdomains IIId1 and IIId2 protrude, and is kinked at the flexible elbow formed by the four-way junction of helix III 4 and subdomains IIIa, IIIb and IIIc. Subdomains IIIb and IIId2 extend away from the 40S subunit surface, consistent with their lack of involvement in 40S subunit binding 2, 3, 19 . Domain IIIb is not well resolved in the 40S-DHX29-DII-IRES complex but is stabilized in the complex containing eIF3. The basal region of domain III is formed by the pseudoknot, subdomain IIIe and helix III 1 , which together form two sets of coaxially stacked helices, angled at ,40u with respect to each other, that are directly comparable to the 'main' and 'sidecar' helices of the analogous region in the HCV IRES 27 (Extended Data Fig. 6 ).
The higher resolution of the present maps also allows confident assignment of individual interactions of the IRES with the 40S subunit and eIF3. In addition to the mRNA flanking the initiation codon, five distinct elements of the DII-IRES (subdomains IIIa, IIIc, IIId1, IIIe and the pseudoknot) contact the 40S subunit ( Fig. 3b and Extended Data Fig. 7a ). These elements are highly conserved in HCV-like IRESs in members of several genera of Flaviviridae and Picornaviridae (for example ref. 28), and each of them coincides precisely with sites in HCV and CSFV IRESs that are protected from enzymatic cleavage or chemical modification by the bound 40S subunit [3] [4] [5] 16 . On the 40S subunit, the interactions mostly involve ribosomal proteins (rpS1e, rpS26e, rpS27e and rpS28e) ( Fig. 3b and Extended Data Fig. 7a ) and, consistent with these contact sites, interactions of corresponding elements of the HCV IRES with rpS1e and rpS27e have been observed 29, 30 . Importantly, rpS1e, rpS26e and rpS27e are also involved in the interaction of the 40S subunit with eIF3 (ref. 13) , which accounts for the displacement of eIF3 from it by the IRES. However, the apical loop of subdomain IIId1 also contacts the apical loop of ES7 of 18S ribosomal RNA (Fig. 3b) , probably through base-pairing between the conserved GGG nucleotides on subdomain IIId1 and CCC nucleotides in the apical loop of ES7. This interaction, which induces a small-scale shift in the position of the apex of ES7 towards the head, was previously suggested by a low-resolution cryo-electron microscopy study 23 , and is consistent with the strong ribosomal protection of this region of the IRES in footprinting studies [3] [4] [5] 16 . Interestingly, the ribosomal elements that HCV-like IRESs exploit for binding to the 40S subunit (rpS1e, rpS26e, rpS27e, rpS28e and ES7) are all eukaryote-specific.
The conserved GGG motif in subdomain IIId1 is a major determinant of ribosome binding and initiation activity for all HCV-like IRESs 3, 5, 6 . However, whereas the apical UCCC loop of ES7 is highly conserved in vertebrates, the equivalent element in plants has the sequence CUUA, which would not base-pair stably to the GGG motif, probably contributing to the inability of wheat 40S subunits to bind to the HCV IRES C214-U221 C214-U221  U228-G230 U228-G230   IIIb IIIb   III7 III7  III6 III6  III5 III5   C214-U221  U228-G230   IIIb   III7  III6  III5   2 
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Binding of the CSFV DII-IRES to the eIF3 core is mainly restricted to two regions, helix III 4 and domain IIIb (Fig. 4a) . Residues G247-C249 and U159-A162 in helix III 4 , residues G184-U185 and G233-A234 in helix III 5 , residues C214-U221 in helix III 6 and residues C197-G198 in helix III 7 are all in close proximity to eIF3's left arm (eIF3a) and likely interact with it directly. Residues U228-G230 seem to contact eIF3's head (eIF3c) and are thus also likely involved in binding of the IRES to eIF3. These interactions are consistent with the position of eIF3 on HCV and CSFV IRESs determined by footprinting 5,9,11 (Extended Data Fig. 7b-d) . Our finding that the interaction of eIF3 with the CSFV IRES primarily involves the left arm of eIF3 (eIF3a) is supported by the observations that mutations in eIF3a have a stronger effect than mutations in eIF3c on the binding of eIF3 to the HCV IRES 11 . The fact that in CSFV DII-IRES-eIF3-containing ribosomal complexes, the 40S subunit interacts only with the IRES, which in turn also binds to eIF3 through its ribosome-binding surface, suggests that in the case of the HCV-like IRES mutants lacking the eIF3-binding site, eIF3 would more readily compete with them for the conventional site on the 40S subunit, thus reducing 48S complex formation. To test this prediction, we compared 48S complex formation in the presence and in the absence of eIF3 on the wild-type HCV IRES and those IRES mutants that lacked subdomains IIIb or IIIc and could therefore no longer bind eIF3 (refs 2, 22) . Consistent with the prediction of our hypothesis, inclusion of eIF3 reduced 48S complex formation on the mutants, whereas in the presence of only 40S subunits and the eIF2-TC, the level of 48S complex formation on all three mRNAs was very similar (Fig. 4b) . The small stimulatory effect of eIF3 on 48S complex formation on the wild-type HCV IRES could be due to stabilization of the IRES structure at the junction of domains IIIa, b and c, which in turn might stabilize interaction between IIIa and rpS27e. This stabilization could have a more significant function in the cell by counteracting the dissociative influence of eIF1 on 48S complexes formed on HCV-like IRESs 18 . However, eIF3 is not essential for subsequent stages in initiation, because 48S complexes formed in its absence on both wild-type and DIIIb mutant HCV IRESs readily underwent subunit joining, forming elongation-competent 80S ribosomes (Extended Data Fig. 8) .
Consistent with the IIIabc domain of HCV-like IRESs and the 40S subunit binding to a common site on eIF3, HCV and CSFV IIIabc domains impaired 43S complex formation by reducing ribosomal association of eIF3 by 60-70% (Fig. 4c) . Consequently, inclusion of these domains in reaction mixtures strongly inhibited 48S complex formation on b-globin mRNA (Fig. 4d) . Inhibition by IIIabc domains was almost as potent as by complete IRESs with a 4-nucleotide deletion in helix III 2 , which could no longer bind 40S subunits but retained eIF3-binding activity 2 . The CSFV IIIabc domain was a stronger inhibitor, paralleling the higher translational activity of CSFV IRES in cellfree extracts 2 , which could therefore be due to its greater ability to compete for eIF3.
In conclusion, our unexpected finding that the CSFV DII-IRES displaces the core of eIF3 from its position on the 40S subunit sheds light on the role of eIF3's interaction with HCV-like IRESs in the mechanism of initiation, and provides a plausible explanation for why mutations in the apical region of domain III that impair binding of eIF3 lead to severe translation defects in cell-free extracts 22 . Thus, by binding to eIF3, HCV-like IRESs would reduce the competition with this factor for binding to the 40S subunit and would also impair formation of 43S complexes, which in turn might aid the ability of these IRESs to compete with cellular mRNAs.
METHODS SUMMARY
For cryo-electron microscopy studies, 40S-DHX29-IRES-eIF3 complexes were assembled in vitro using CSFV DII-IRES mRNA 3 , native eIF2, eIF3 and 40S subunits purified from rabbit reticulocyte lysate, and recombinant DHX29. Singleparticle cryo-electron microscopy studies were done as described 13 , with further details given in Supplementary Information. 48S complex formation on wild-type and mutant HCV IRESs 22 and on b-globin mRNA was assayed by toeprinting using native eIF2, eIF3 and 40S subunits and recombinant eIF1, eIF1A, eIF4A, eIF4B and eIF4G 736-1115 as described 2, 14 . The influence of subdomain IIIabc of HCV and CSFV IRESs on 43S complex formation was assayed by sucrose density gradient centrifugation 14 .
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper. required for cap-independent translation. 
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METHODS
Plasmids. The plasmid HCV (MSTN-STOP) was made (GenScript) by inserting a 497-nucleotide DNA fragment between XbaI and EcoRI sites of pUC57 that consisted of a T7 promoter sequence, HCV type 1b nucleotides 40-375 (modified to include a UAA stop codon in place of the fifth coding triplet and a BamHI restriction site 20 nucleotides downstream of it), followed by a segment of the influenza nonstructural (NS) protein coding sequence 2 . The plasmid DIIIb HCV (MSTN-STOP) was constructed similarly, except that the HCV sequence contained a deletion of nucleotides 172-227 (corresponding to subdomain IIIb) in addition to the UAA stop codon and BamHI restriction site.
The plasmid HCV(D136-139) was also constructed similarly, except that the wild-type HCV sequence was modified to include a deletion of nucleotides 136-139, a ScaI restriction site 2 nucleotides upstream of the HCV initiation codon and HindIII and BamHI restriction sites 13 nucleotides and 32 nucleotides downstream of it, respectively.
The plasmid HCV(IIIabc) was made (GenScript) by inserting a 142-nucleotide DNA fragment between XbaI and SalI sites of pUC57 that consisted of a T7 promoter sequence and HCV type 1b nucleotides 143-250, followed by a NaeI restriction site.
The plasmids pWT-CAT, pDE-CAT and pDF-CAT 22 consist of nucleotides 1-349 of the HCV-H strain, or variants thereof lacking subdomain IIIb (nucleotides 172-227) or subdomain IIIc (nucleotides 229-238) respectively, linked to a CAT reporter cistron.
The plasmid CSFV(D145-148) was made (GenScript) by inserting a 556 nucleotides DNA fragment between XbaI and HindIII sites of pUC57 that consisted of a T7 promoter sequence, CSFV (Alfort/Tuebingen) nucleotides 1-442 (modified to delete nucleotides 145-148, ref. 2, and to include a FspI restriction site 6 nucleotides upstream of the CSFV initiation codon and a DraI restriction site 12 nucleotides downstream of it), followed by a segment of the influenza NS coding sequence 2 . The plasmid CSFV(IIIabc) was made (GenScript) by inserting a 137-nucleotide DNA fragment between XbaI and HindIII sites of pUC57 that consisted of a T7 promoter sequence and CSFV (Alfort/Tuebingen) nucleotides 152-256, followed by a SmaI restriction site.
The plasmid pCSFV(128-442)NS' (3) was generated from pCSFV(1-442)NS' (2) and consists of CSFV (Alfort/Tuebingen) nucleotides 128-442 linked to a segment of the influenza NS coding sequence. The MVHL-Stop 31 modified b-globin transcription vector consists of a DNA fragment corresponding to a T7 promoter sequence, four CAA repeats and the complete human b-globin sequence, modified to convert the 5th coding triplet to a UAA termination codon and the downstream UGUGU sequence to AGUGA, cloned between BglII and XhoI sites of pET28a.
CSFV DII-IRES mRNA was transcribed after linearization of pCSFV(128-442)NS' (3) with PmlI, 235 nucleotides downstream of the CSFV initiation codon. The wildtype, DIIIb (D172-227 nucleotides) and DIIIc (D229-238 nucleotides) HCV IRES mRNAs were transcribed from pWT-CAT, pDE-CAT and pDF-CAT plasmids, respectively, that had been linearized with HindIII. HCV (MSTN-STOP) and DIIIb HCV (MSTN-STOP) mRNAs were transcribed after linearization of corresponding plasmids with EcoRI. HCV(D136-139), CSFV(D145-148), HCV IIIabc and CSFV IIIabc mRNAs were transcribed after linearization of corresponding plasmids with ScaI, FspI, SalI and HindIII, respectively. All mRNAs were transcribed using T7 RNA polymerase. Purification of ribosomal subunits, initiation and elongation factors, DHX29 and aminoacylation of tRNA. Native 40S and 60S ribosomal subunits, eIF2, eIF3, eIF5B, eEF1H, eEF2 and total aminoacyl-tRNA synthetases were purified from rabbit reticulocyte lysate, and recombinant human DHX29, eIF1, eIF1A, eIF4A, eIF4B and eIF4G , and Escherichia coli methionyl tRNA synthetase were expressed and purified from E. coli as described previously [31] [32] [33] . Native total rabbit tRNA (Novagen) was aminoacylated with Met, Ser, Thr and Asn using native aminoacyl-tRNA synthetases, whereas in-vitro-transcribed tRNA i Met (ref. 34) was aminoacylated using E. coli methionyl tRNA synthetase as described 32 .
Assembly of 40S-eIF3-DHX29-CSFV DII-IRES complexes for cryo-electron microscopy analysis. Complexes for cryo-electron microscopy analysis were assembled by incubating 20 pmol 40S subunits, 30 pmol eIF3, 30 pmol DHX29 and 24 pmol CSFV DII-IRES RNA in 50 ml of buffer containing 20 mM Tris pH 7.5, 75 mM KCl, 5 mM MgCl 2 , 2 mM DTT and 0.25 mM spermidine for 10 min at 37 uC. Before applying onto grids, the reaction mixture was diluted with the same buffer to the concentration of 40S subunits of 32 nM. Toeprinting analysis of 48S initiation and 80S pre-termination complex (pre-TC) formation on wild-type and mutant CSFV and HCV IRES mRNAs. 48S complexes were assembled by incubating 2 pmol mRNA with 2 pmol 40S subunits, 4 pmol eIF2 and 5 pmol Met-tRNA i Met , 3 pmol eIF3 and 2 pmol DHX29, as indicated, in 20 ml buffer A (20 mM Tris pH 7.5, 100 mM KCl, 2.5 mM MgCl 2 , 2 mM DTT, 0.25 mM spermidine) supplemented with 1 mM ATP and 0.4 mM GTP for 10 min at 37 uC. For 80S initiation complex formation, reaction mixtures were supplemented with 4 pmol 60S subunits, 4.5 pmol eIF5 and 2 pmol eIF5B, and incubated at 37 uC for an additional 10 min to allow formation of 80S initiation complexes. To form pre-TCs, 80S initiation complexes were supplemented with 4 pmol eEF1H, 12 pmol eEF2 and ,10 mg appropriately aminoacylated total native tRNA, and incubated at 37 uC for an additional 10 min. Ribosomal complexes were analysed by toeprinting 32 using avian myeloblastosis virus (AMV) reverse transcriptase and a 32 P-labelled primer. cDNA products were resolved in 6% polyacrylamide sequencing gels. Toeprinting analysis of 48S complex formation on b-globin mRNA. 48S complexes were assembled by incubating 2 pmol of a derivative of b-globin mRNA containing four 59-terminal CAA repeats (MVHL-STOP mRNA 31 ) with 2 pmol 40S subunits, 4 pmol eIF2, 5 pmol Met-tRNA i Met , 3 pmol eIF3, 5 pmol eIF4A, 2 pmol eIF4B, 3 pmol eIF4G 736-1115 , 10 pmol eIF1, 10 pmol eIF1A in the presence and in the absence of 15 pmol IIIabc subdomains and by complete HCV and CSFV IRESs containing a 4-nucleotide deletion in helix III 2 in 20 ml buffer A supplemented with 1 mM ATP and 0.4 mM GTP for 10 min at 37 uC. Ribosomal complexes were analysed by toeprinting 32 using AMV reverse transcriptase and a 32 P-labelled primer. cDNA products were resolved in 6% polyacrylamide sequencing gels. Inhibition of 43S complex formation by subdomain IIIabc of HCV and CSFV IRESs assayed by sucrose density gradient (SDG) centrifugation. 43S complexes were assembled by incubating 20 pmol 40S subunits, 50 pmol eIF2, 70 pmol Met-tRNA i Met , 100 pmol eIF1, 100 pmol eIF1A and 30 pmol eIF3 in the presence and in the absence of 150 pmol IIIabc subdomains of HCV and CSFV IRESs in 200 ml buffer A supplemented with 1 mM ATP and 0.4 mM GTP for 10 min at 37 uC. The reaction mixtures were then subjected to centrifugation through a 10-30% SDG prepared in buffer A in a Beckman SW55 rotor at 53,000 r.p.m. for 1 h 15 min. Fractions that corresponded to 43S ribosomal complexes were analysed by SDS-PAGE with subsequent fluorescent SYPRO (Molecular Probes) staining. Electron microscopy. Four microlitres of each sample was applied to holey carbon grids (carbon-coated Quantifoil 2/4 grid, Quantifoil Micro Tools) bearing an additional continuous thin layer of carbon 35 . Grids were blotted and vitrified by rapidly plunging into liquid ethane at 2180 uC with a Vitrobot (FEI) 36, 37 . Data acquisition was done under low-dose conditions (12 e 2 Å
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) on a FEI Tecnai F20 (FEI, Eindhoven) operating at 120 kV with a Gatan CT3500 side-entry cryo-holder. The data set was collected automatically using Leginon 38 at a calibrated magnification of 351,570 on a 4k 3 4k Gatan Ultrascan 4000 CCD camera with a physical pixel size of 15 mm, thus making the pixel size 2.245 Å on the object scale. Image processing. The data were preprocessed using pySPIDER (R.L. and J.F., unpublished) and Arachnid. Arachnid is a Python-encapsulated version of SPIDER 39 , replacing SPIDER batch files with Python. It also contains novel procedures such as Autopicker, which was used for the automated particle selection, yielding a total number of particles of ,630,000, picked from ,12,000 micrograph images. Those selected particles were classified with RELION 40 , ultimately yielding six classes (see Details on the three-dimensional classification and Extended Data Fig. 9 ): Class 1: 40S-DII-IRES, ,56,000 particles; Class 2: 40S-DII-IRES-DHX29, ,72,900 particles; Class 3: 40S-DHX29-eIF3, ,18,000 particles; Class 4: 40S-DII-IRES-DHX29-eIF3, ,26,000 particles, where eIF3 is in 'orientation 1'; Class 5: 40S-DII-IRES-DHX29-eIF3, ,18,000 particles, where eIF3 is in 'orientation 2', and Class 6: 40S-DII-IRES-DHX29-eIF3, ,17,000 particles, where eIF3 is in 'orientation 3'. We focused our analysis on classes 2 and 4, scoring resolutions of 8.5 Å and 9.5 Å , respectively, estimated with the gold standard Fourier shell correlation (FSC) 5 0.143 (Extended Data Fig. 4a ) 40, 41 . To assess the quality of our reconstruction, we performed a reference-free two-dimensional classification using RELION 40 and compared the obtained class-averages with projections generated from our final reconstruction (Extended Data Fig. 4b) . Details on the three-dimensional classification. The unsupervised threedimensional classification of IRES-bound ribosomal complexes consisted of six rounds of three-dimensional classifications (Extended Data Fig. 9 ) conducted in a quasi-hierarchical fashion, using RELION 40 (version 1.2b7). The classes generated by each round were analysed and either regrouped and reclassified in a subsequent round or rejected because of their structural inconsistency with the known structures of the different components of the complex. At the end of the different rounds of classifications, particles from similar classes were regrouped and refined together as one class. For each run of classification and refinement, the small ribosomal 40S subunit 42 (PDBID: 2XZM) was used as an initial reference. The reference was generated by simulating a cryo-electron microscopy density map from the atomic coordinates file of the 40S subunit using UCSF Chimera 43 . The reference map was filtered to 40 Å for classification and auto-refinement runs. For all classification runs, the regularization factor T in RELION was set to 3.
The first run of classification had the purpose of eliminating those data windows containing obvious contaminants from the rest of the data set and was set for 10 classes, with the following sampling parameters: angular sampling interval of 30u,
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an offset search range of 21 pixels and an offset search step of 3 pixels. The sampling parameters were progressively narrowed in the course of the 36 classification iterations, to 3.7u for the angular sampling interval, 8 pixels for the offset search range and 2 pixels for the offset search step. At the end of the first classification round, three classes (representing 33% of the 630,000 picked windows of particles) were inconsistent with the known structure of the 40S ribosomal subunit and were thus rejected (labelled 'rejects'). Out of the first round of classification, particles from 7 classes (representing 67% of the data set) were pooled together for the second round of classification.
The second round of three-dimensional classification and all of the subsequent rounds of classification started with the following initial sampling parameters: angular sampling interval of 15u, an offset search range of 14 pixels and an offset search step of 2 pixels. The sampling parameters were progressively narrowed in the course of the 42 classification iterations, to 1.8u for the angular sampling interval, 4 pixels for the offset search range and 1 pixel for the offset search step. All 10 classes of this second classification round were considered to be potentially consistent with the structure of the 40S subunit and thus no rejects were singled out. Based on the visual analysis of these classes, it was possible to regroup structurally similar classes of particles into two groups. Two separate three-dimensional classification rounds were conducted in parallel on the particles of each group, round 3 and round 4.
Round 3 was performed using particles collated from 7 different classes (representing 44% of the full data set) originating from the previous round, round 2 (Extended Data Fig. 9 ), and was set to generate 8 classes. This round of classification was conducted for 46 iterations and resulted in 4 classes of particles inconsistent with the structure of the 40S subunit and/or eIF3 and the CSFV IRES (classes 3 to 6 representing 21% of the full data set, Extended Data Fig. 9 ).
Round 4 of classification was performed using particles pooled from 2 different classes (representing 23% of the full data set) originating from the previous round (round 2, Extended Data Fig. 9 ) and was set to generate 8 classes.
Based on the visual analysis of the classes derived from rounds 3 and 4, we regrouped some of their different classes into two groups and the particles from structurally similar classes forming each group were collated. Two other separate three-dimensional classification rounds were conducted in parallel on the particles of each group, round 5 and round 6.
Round 5 was performed using particles from class 2 originating from classification round 3 (representing 5% of the full data set, Extended Data Fig. 9 ) and due to the low number of particles, it was set to generate 4 classes only. This round was conducted for 37 iterations.
Round 6 was performed using particles from classes 6 and 7 originating from round 4 and class 1 originating from round 3 (representing 14% of the full data set) and was set to generate 8 classes. The round yielded 7 classes of rejects (representing 13% of the full data set). Classes 1, 3, 5 and 6 were rejected because of the inconsistency of the shape of eIF3 with its known structure, which appears to be bound to the CSFV IRES but assumed a scattered and/or deformed aspects, probably due to a very large degree of flexibility. Classes 2, 4 and 7 were rejected because of the low-resolution appearance of the 40S subunit and the inconsistency of the shape of the CSFV IRES with its structure.
Based on the similarities among different classes originating from rounds 3, 4, 5 and 6, particles from certain classes were pooled and auto-refined, using RELION's Auto-Refine module, into six final classes (Extended Data Fig. 9 ) as follows: 1, particles from class 8 of round 3, and from class 8 of round 4 (9% of the full data set) displaying 40S-DII-IRES complexes; 2, particles from class 7 of round 3, and from classes 3 and 5 of round 4 (12% of the full data set) displaying 40S-DII-IRES-DHX29 complexes; 3, particles from class 4 of round 4 and from class 8 of round 6 (3% of the full data set) displaying 40S-DHX29-eIF3 complexes; 4, particles from class 2 of round 5 and from class 2 of round 4 (4% of the full data set) displaying 40S-DII-IRES-DHX29-eIF3, where eIF3 is in 'orientation 1'; 5, particles from class 3 of round 5 and from class 1 of round 4 (3% of the full data set) displaying 40S-DII-IRES-DHX29-eIF3, where eIF3 is in 'orientation 2'; 6, particles from classes 1 and 4 of round 5 (3% of the full data set) displaying 40S-DII-IRES-DHX29-eIF3, where eIF3 is in 'orientation 3'. In all of the auto-refinements, RELION was set with the following initial sampling parameters: angular sampling interval of 15u, an offset search range of 14 pixels and an offset search step of 2 pixels. The number of iterations for each refinement was determined automatically by RELION based on the improvement of the resolution between consecutive iterations. Three-dimensional variance estimation. The particle windows were binned threefold in order to reduce the memory and CPU requirements for variance estimation, yielding a pixel size of 6.735 Å . The three-dimensional variance map was computed using the bootstrapping method [44] [45] [46] [47] for the class 4 map (Extended Data  Fig. 3 ) presenting eIF3 in orientation 1, as follows: forty thousand bootstrap reconstructions were generated, each of which was obtained from N 5 26,317 particle projections that were randomly sampled with replacement from the total set of the N particles. The bootstrap volumes were filtered to about twice the first zero-crossing of the contrast transfer functions (CTFs) to boost the signal-to-noise ratio of the three-dimensional variance. The structural variance was estimated as the sample variance of the bootstrap volumes minus the variance of the noise, and the difference was then multiplied by N (ref. 44) . In this estimation, the noise variance is assumed to be uniform across the map 45 . Density maps segmentation and display. Cryo-electron microscopy reconstructions were segmented using the SEGGER module 48 implemented in UCSF Chimera 43 . Segments counting less than 10,000 voxels were discarded. Segments were refined manually using the VOLUME ERASER module implemented in UCSF Chimera. Finally, the obtained segments were smoothed using a Gaussian filter in the VOLUME FILTER module also implemented in Chimera. The final maps were displayed and rendered with Chimera. CSFV IRES modelling and fitting. The DII-IRES RNA was modelled based on the established secondary structure of the CSFV IRES 20 . The secondary structure was loaded into the S2S nucleic acid alignment and modelling tool 49 and the CSFV IRES secondary structure was exported to Assemble, a nucleic acid two-dimensional/ three-dimensional modelling tool 50 . As domain II is absent in DII-IRES RNA, only domain III was modelled from the IRES sequence (nucleotides 129-361; GenBank J04358) and a three-dimensional model was generated in Assemble and placed into the electron microscopy map.
The model was relaxed and fitted into the IRES map using Molecular Dynamics Flexible Fitting (MDFF) 51 . MDFF is an MD simulation-based fitting procedure, which applies an extra potential to the system, related to the gradient of the cryoelectron microscopy density map. The initial system was prepared for MDFF using VMD 52 and consisted of the atomic model of the CSFV DII-IRES and its corresponding segmented map from class 2 particles, which correspond to the 40S-DII-IRES-DHX29 complex. As the model was built into the electron microscopy map directly, no rigid-body fitting was required. To achieve a better representation of the inter-and intra-molecular interactions, the system was embedded in a solvent box of TIP3P water molecules, with an extra 12 Å padding in each direction, and neutralized by potassium ions, and an excess of , 0.2 M KCl was added. The system was minimized for 2,000 steps in NAMD 53 followed by MDFF in explicit solvent. The run was stopped after 400 ps of simulation time, when the cross-correlation coefficient between the model and the map, as well as the root mean squared deviation of the model during the trajectories had stabilized. The simulated system was prepared using CHARMM force field parameters (Combined CHARMM All-Hydrogen Topology File for CHARMM22 Proteins and CHARMM27 Lipids 54, 55 ). The same protocol was reapplied in order to fit the CSFV DII-IRES into its corresponding density segmented from class 4, 40S-DII-IRES-DHX29-eIF3, where eIF3 is in orientation 1. This last MDFF endeavours to fit flexible domain IIIb of the CSFV IRES into one specific conformation in interaction with eIF3 in order to identify the IRES residues interacting with the latter (Fig. 4a) .
To identify the CSFV IRES binding site on the body of the 40S subunit in terms of ribosomal proteins and rRNA, the crystal structure of Tetrahymena thermophila 40S subunit 42 was rigid-body fitted into the class 2, 40S-DII-IRES-DHX29, using UCSF Chimera 43 . The highest CCC guided the optimal fit.
Extended Data Figure 2 | Analysis of 40S-DII-IRES-eIF3-DHX29
complexes. 40S-DII-IRES-eIF3-DHX29 complexes were assembled in vitro using CSFV DII-IRES mRNA, native eIF2, eIF3 and 40S subunits purified from rabbit reticulocyte lysate and recombinant DHX29, and assayed by toeprinting. Lanes C, T, A and G show the cDNA sequence corresponding to CSFV DII-IRES mRNA. The position of the initiation codon is indicated on the left. This analysis revealed (lane 2) that deletion of domain II of the IRES or the presence of DHX29 did not influence IRES's contacts with either 40S subunit (the toeprint stops at UUU 387-389 , G 345 and C 334 ) or eIF3 (the toeprint stops at A 250 ) that have been previously observed 2, 18 . Moreover, upon addition of the eIF2-TC, 40S-DII-IRES-eIF3-DHX29 complexes were quantitatively converted into 48S complexes on the authentic initiation codon AUG 373 (lane 3). The low-efficiency 48S complex formation on the preceding AUG 366 was also observed before and was not related to the presence of DHX29 18 . The gel reported in the figure is representative of results obtained from three technical replicates.
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Extended Data Figure 3 | Unsupervised three-dimensional classification of IRES-bound ribosomal complexes. Unsupervised three-dimensional classification of IRES-bound ribosomal complexes identified ,423,000 particles inconsistent with the known structure of the 40S subunit (rejects) and six well-populated classes containing complexes of the 40S subunit in a binary complex with the DII-IRES (class 1), of the 40S subunit bound to the DII-IRES and DHX29 (class 2), of the 40S subunit bound to DHX29 and eIF3 (class 3) and of the 40S subunit bound to the DII-IRES, DHX29 and eIF3 in orientation 1 (class 4), in orientation 2 (class 5) and in orientation 3 (class 6), viewed from (left) the back, (centre) the intersubunit side and (right) the solvent side.
